Abstract. Doping is an effective material re-engineering technique, which provides a possibility of improving properties of materials for different applications. Herein, a Zr-doped TiO 2 thin film was deposited applying the chemical spray pyrolysis method and the influence of varying zirconium dopant concentrations on the properties of the film was studied. Morphological studies showed that the Zr-TiO 2 films were homogeneous with smaller grain sizes compared to the undoped TiO 2 films. Asdeposited Zr-TiO 2 films were amorphous while the undoped TiO 2 films were crystalline with anatase structure as revealed by both X-ray diffraction and Raman spectroscopy studies. The optical band gap of the Zr-TiO 2 film was higher (3.44 eV) than that of the undoped TiO 2 films (3.13 eV) showing a strong dependence on the phase composition. As revealed by energy dispersive spectroscopy analysis, the Zr/Ti ratio in the film increased from 0.014 to 0.13 as the doping concentration in the spray solution was increased from 5 to 40 mol%. The current-voltage (I-V) characteristic revealed a reduction of the leakage current in the Zr-doped TiO 2 film (6.06 × 10 -5 A) compared to the undoped TiO 2 films (1.69 × 10 -3 A) at 1 forward bias voltage. The dielectric relaxation response at the oxide-electrode interface dipole was strongly influenced by the Zr doping concentration in the film.
INTRODUCTION
* Recently, silicon-based materials have been in limited use because of the growing interest in cost-effective and low-temperature processing materials that could for example replace the SiO 2 gate dielectric layer of most conventional thin film transistor (TFT) devices [1] . However, solution-processed metal oxide materials such as titanium oxide (TiO 2 ), zirconium oxide (ZrO 2 ), hafnium oxide (HfO 2 ), aluminium oxide (Al 2 O 3 ), tantalum oxide (Ta 2 O 5 ), and their mixtures are tenable alternatives due * Corresponding author, abayomioluwabi@gmail.com to their demonstrated uniformity over a large area and a suitable dielectric constant [1, 2] .
Titanium oxide and its polymorphs have attractive and promising unique properties ranging from optical to electronic properties, hence it has gained its use in a wide range of applications, especially in TFTs [3] [4] [5] [6] [7] . Many routes have been adopted to enhance its properties, but the doping of TiO 2 with different metallic or nonmetallic elements has displayed its effectiveness [8, 9] owing to the fact that doping affects the phase transition temperature [10] and it can be easily harnessed by controlling the composition of mixed oxides [8] .
The Zr doping in TiO 2 is chosen because Zr and Ti are isovalent, which supports adequate incorporation of Zr into the TiO 2 lattice thereby increasing its bond length to form a solid solution of Ti x-1 Zr x O 2 and stabilizing the anatase phase by delaying crystallite growth [8, 11] . In the microstructure of the film formed from the mixture of TiO 2 and ZrO 2 , whose band gap (5.8 eV) and ionic radius (0.084 nm) are higher than those of TiO 2 (band gap 3.0-3.4 eV and ionic radius 0.061 nm), plays an important role [1, 8] . Owing to these remarkable properties, different research groups have reported Zr-doped TiO 2 thin films, nanorods, and microspheres for different applications [12, 13] . Lukáč et al. [14] reported the effect of the annealing temperature on the photo-catalytic performance of Zr-doped TiO 2 films. Wang's research group [15] investigated the behaviour of Zr 4+ dopant ion in Zr-doped TiO 2 nanoparticles. Several methods such as chemical vapour deposition, the sol-gel method, reactive sputtering, and ultrasonic spray pyrolysis have been used to deposit Zr-doped TiO 2 films ( [11] and references therein). Among these methods, chemical spray pyrolysis (CSP) is an attractive technique for the preparation of thin films because it is simple to operate and use, film thickness and deposition parameters are easy to control, it can be operated at moderate temperatures, it does not require vacuum, and it is not selective in the choice of substrate [11] . This technique offers an opportunity to deposit uniform and compact films for a wide area of device applications, while the film properties strongly depend on the precursor reagent and on the deposition conditions [16] . Castañeda et al. [17] reported deposition of TiO 2 thin films by spray pyrolysis in the substrate temperature range of 300-500 °C. Okuya et al. [18] also reported the influence of additives in the precursor solution on the mechanism of the crystallization of TiO 2 . The properties of TiO 2 films prepared by the spray pyrolysis method are also reported in [6] . To the best of our knowledge, the properties of Zr-doped TiO 2 thin films deposited by CSP have not been completely studied.
In our study, Zr-doped TiO 2 thin films were deposited using CSP by varying the Zr/Ti mole ratio in the solution. The structural, morphological, optical, and electrical properties of the deposited films were investigated for their application as the dielectric layer in a TFT.
EXPERIMENTAL
The Zr-doped TiO 2 films were deposited from analyticalgrade titanium(IV) isopropoxide (TTIP) and zirconium acetylacetonate (Zr(AcacH) 4 ) reagents (from MERCK and ALDRICH, respectively) as the precursors. The synthesis of the TiO 2 precursor was performed as follows: TTIP (1.8 mL) was stabilized with acetylacetone (1.2 mL) in the ratio 1 : 2, which was maintained all through the experiment. To this solution, 13.5 mL of ethanol was added and the solution was stirred to ensure homogeneity. The prepared solution was sprayed onto preheated quartz and silicon substrates using a pneumatic spray set-up. The films deposited on the quartz substrate were used for structural studies, while the films deposited on the silicon substrate were used for electrical studies.
The Zr-doped TiO 2 solution was prepared by adding quantitative amounts of Zr(AcacH) 4 corresponding to Zr/Ti mole ratios of 5, 10, 20, and 40 mol% into an already stabilized TTIP and the above procedure was repeated. The substrates were placed on a tin bath (Tsn) maintained at 450 °C and the precursors were sprayed at a rate of 2.5 mL/min with compressed air as the carrier gas. The flow rate of the carrier gas was 8 L/min with one spray cycle consisting of 60 s spraying plus 60 s pause. Ten spray cycles were made from each solution. The samples were then annealed in air for one hour at temperatures from 500 °C to 900 °C using a Nabertherm L5/11/06D furnace. The as-deposited and annealed films were labelled 'undoped TiO 2 ' and 'x-Zr-TiO 2 ' for the undoped and doped samples, respectively, where x corresponds to the mol% concentration of Zr in the sprayed solution.
Optical measurements were performed by measuring total transmittance and total reflectance spectra using a Jasco-V670 spectrophotometer equipped with an integrating sphere in the wavelength range 300-800 nm. The X-ray diffraction (XRD) patterns were obtained using a Rigaku Ultima IV diffractometer, which has a silicon line detector and a Cu K ɑ radiation source operated at 40 kV and 40 mA. The surface morphology and elemental composition were studied using a ZEISS HR Ultra 55 scanning electron microscope (SEM) with a Bruker energy dispersive spectroscopy (EDS) system ESPRIT 1.8. The acceleration voltage for SEM measurements was 4.0 kV and for EDS, 7.0 kV. Raman spectra were acquired using a micro-Raman spectrometer HORIBA Jobin Yvon Model HR800 with 532 nm laser excitation line, which delivers 5 mW of power at 10 μm laser spot size during measurements. Raman peak analysis was based on Lorenzian fitting. To access the electrical properties of the as-deposited films, we produced a metal-oxide semiconductor (MOS) device by growing gold contact using a Quorum K975X vacuum evaporator on top of the TiO 2 film surface with a contact area of 1.7 mm 2 , giving a Si/TiO 2 [Zr]/Au structure. The c-Si wafer was contacted through a eutectic indium alloy to ensure ohmic conductivity. The current-voltage and impedance data were obtained using AUTOLAB PGSTAT30/2 and analysed using frequency-response analysis software. A schematic presentation of the investigated MOS structure is given in Fig. 1 . 
RESULTS AND DISCUSSIONS

Surface morphology and composition
The SEM images were used to study the influence of varying Zr concentrations in the precursor solution on the morphology of the TiO 2 films. Figure 2 presents the SEM images of the as-deposited (Tsn = 450 °C) samples and those annealed at 600 and 800 °C. The as-deposited undoped TiO 2 and (5, 20)-Zr-TiO 2 films were uniform and compact. Grains started to increase in the film after annealing at 600 °C ( Fig. 2 B, E, H). After annealing at 800 °C the surface of the undoped-TiO 2 film consisted of smaller and larger grains of up to about 250 nm in size (Fig. 2C) ; however, the surface of the 20-Zr-TiO 2 film (Fig. 2I ) consisted of grains with a size of up to about 50 nm.
The thicknesses of films are shown in the insets of Fig. 2 . The results obtained revealed that the undoped TiO 2 film was thicker than both 5-Zr-TiO 2 and 20-ZrTiO 2 films (330 nm, 310 nm, and 250 nm, respectively), which means that the thickness of a film decreased with increasing the Zr concentration in the spray solution. This is a common behaviour of spray deposited doped films [19] , which could be due to the fact that increasing the dopant concentration in the solution retards the growth of the film. The film thicknesses in both undoped TiO 2 (322 nm) and 5-Zr-TiO 2 (302 nm) films changed slightly after annealing at 800 °C, but changed significantly in the 20-Zr-TiO 2 film (167 nm). A similar result was reported for zirconium doping by atomic layer deposition [20] .
The presence of Zr in the as-deposited Zr-doped TiO 2 film was confirmed by EDS analysis, which revealed an increase in the Zr/Ti atomic ratio in the film from 0 to 0.13 as the mole ratio in the precursor solution was increased from 0 to 40 mol%. The evaluation of Zr content in the film revealed that more than 10% of the Zr content in the precursor solution adequately doped into the film, which indicates that Zr was actually present in the deposited film. This is similar to what was observed for Zr-doped ZnO films deposited by the spray method in [19] . 
Structural and phase characterization
XRD study
The obtained XRD patterns of undoped TiO 2 and Zrdoped TiO 2 films are shown in Fig. 3 . For the asdeposited samples (Fig. 3a) , the undoped TiO 2 film shows a sharp peak and the 5-Zr-TiO 2 film, a weak peak at 2θ = 25.40° belonging to the anatase (101) phase (PDF powder diffraction-01-075-1573). The (10, 40)-Zr-TiO 2 films were amorphous, which indicates an amorphization effect of incorporating Zr into the TiO 2 lattice structure. Gao et al. also reported that Zr doping delays the transition of the amorphous to the anatase phase of TiO 2 deposited by the sol-gel method [21] .
The (5, 40)-Zr-TiO 2 films showed amorphous to anatase phase transition after annealing at 500 °C, which was sustained up to 700 °C. After annealing at 700 °C and 800 °C ( Fig. 3b and c) , the undoped TiO 2 film showed a mixture of both rutile and anatase phases with the anatase (101) peak at 2θ = 25.40° and the rutile (110) main peak at 2θ = 27.43° (PDF01-0714808) while the doped films remained anatase. However, anatase and rutile mixed phases appeared in the 10-Zr-TiO 2 film after annealing at 800 °C, which is an indication of the stabilization of the anatase phase thereby delaying the formation of the rutile phase. A similar result on the formation of anatase and rutile mixed phases was also reported by research groups of Schiller et al. and Wang et al. on sol-gel deposited Zr-doped TiO 2 powders and films, respectively [8, 15] . Figure 3d reveals the shift in the position of the anatase (101) main peak as a function of the Zr concentration in the solution after annealing at 500 °C. The position of the (101) diffraction peak shifted to lower values of the diffraction angle 2θ (from 25.79° to 25.60°) in the diffraction pattern with the increasing Zr amount in the film, which confirms the incorporation of Zr 4+ in the TiO 2 lattice structure. The presence of Zr 4+ , which has a larger ionic radius of 0.072 nm compared to Ti 4+ (0.061 nm) in the TiO 2 matrix, causes an increase in the unit cell parameters, which brings about a shift in the peak position to a lower 2θ angle as explained by Bragg's law [21] . The mean crystallite size of the undoped TiO 2 and Zr-doped TiO 2 films annealed at different temperatures was calculated by applying the Scherrer formula on the (101) anatase peak; the values obtained are presented in Table 1 . The Zr-doped TiO 2 films have smaller mean crystallite sizes than the undoped TiO 2 films, which decrease with an increase in the Zr concentration in the film. At temperatures above 700 °C, the Zr-doped samples displayed distinctively smaller crystallite sizes than the undoped TiO 2 sample, which is an indication of increased amorphization due to Zr doping. This phenomenon is explained by the increase in the number of nucleation sites that inhibit the growth of larger crystallites with doping [8, 22, 23] . 
Raman study
The Raman spectra for the undoped and Zr-doped TiO 2 films are shown in Fig. 4 . The as-deposited TiO 2 spectrum reveals a Raman band at 141 cm -1 belonging to the TiO 2 anatase phase while the doped films are amorphous, concurring with the XRD data (Fig. 4a) . After annealing at 800 °C the undoped TiO 2 films revealed Raman peaks at 141, 191, 398, 513, and 639 cm -1 (Fig. 4b) , which are characteristic of the crystalline TiO 2 anatase phase [24] . The peaks at 141, 191, and 639 cm -1 correspond to E g vibration modes, while the 398 and 513 cm -1 peaks correspond to B 1g and A 1g + B 1g modes of the anatase phase, respectively [25] . In addition to those, the undoped TiO 2 film Raman spectrum shows additional peaks at 232 and 499 cm -1 , which belong to the TiO 2 rutile phase after 800 °C (Fig. 4b) .
The observed intensity of the Raman peaks decreased upon the introduction of Zr (figure not shown). This indicates an increase in lattice imperfections due to the incorporation of Zr [26] . The undoped TiO 2 film shows additional peaks at 232 and 449 cm -1 , which belong to the TiO 2 rutile phase after annealing at 800 °C (Fig. 4b) . Also after annealing at 900 °C, the 10-Zr-TiO 2 and 20-Zr-TiO 2 films show mixed anatase and rutile phases (Fig. 4c) . The full width half maximum (FWHM) values as a function of doping concentration presented in Fig. 4d are those of the anatase main peak positioned at 141 cm -1 after the films were annealed at 500 °C. The FWHM increases from 14.5 cm -1 to 22.23 cm -1 with the concentration of Zr 4+ dopant, indicating a reduction in the size of the crystallite. Table 2 summarizes the XRD and Raman results of Zr-doped TiO 2 thin films at different annealing temperatures for different Zr doping concentrations present in the precursor solution. As-deposited x-Zr-TiO 2 films, where values of x are in the range 5 ≤ x ≤ 40 mol%, are mainly amorphous with no trace of other crystalline phases detected in the samples. This is an indication that Zr inhibits the crystallization of TiO 2 films and that Zr is distributed into the TiO 2 matrix as a dilute solid solution [21] . The higher the doping concentration, the more phase transition temperature is shifted to higher temperatures. The 40-Zr-TiO 2 films show that the anatase phase is stable even after annealing at 900 °C, indicating high phase stability. Figure 5 shows the total transmittance spectra for the asdeposited TiO 2 thin film at different Zr-doping concentrations in the wavelength range between 300 and 800 nm. All the thin films show interference patterns with optical transparency above 60% in the visible region (from 400 to 800 nm). The interference patterns are a result of multiple reflections at the air-film and film-substrate interfaces due to the difference in the refractive index between the air, the TiO 2 film, and the substrate. This confirms that the films were transparent in the visible region, homogeneous, and uniformly coated on the substrates [27, 28] as seen in the SEM images (Fig. 2) . The interference occurs when the film surface is reflective with less scattering or absorption in the bulk. If the film surface is rough, the incident light will be scattered in all directions without reflection [28] . The total transmittance increases as the concentration of Zr in the solution is increased. A blue shift in the absorption edge of the transmittance spectra of the Zr-doped TiO 2 films compared with the TiO 2 spectrum The optical direct band gap energy of the deposited films was calculated by applying expression (1) on a Tauc plot [29] after taking into consideration the reflectivity, absorption coefficient, and film thickness as these strongly affect the transparency of the film.
Optical properties
Here α is the optical absorption coefficient, hv is the photon energy, A is a constant called critical absorption, the value of n varies depending on whether the band transition is direct or indirect, and E g is the optical band gap. The values of E g for undoped and Zr-doped TiO 2 films were obtained by plotting n ahv / 1 ) ( against the photon energy (hv) when the value of n = 0.5 for direct transition. The linear part of the curve was then extrapolated to the hv axis as shown in Fig. 6a for (0-10)-Zr-TiO 2 films [30, 31] . The band gap energy of the 10-Zr-TiO 2 thin film (3.2 eV) was higher than that of the undoped TiO 2 film (3.14 eV). The value of E g increased slightly (from 3.23 eV to 3.38 eV) with annealing temperature rising up to 600-700 °C and later decreased (to 3.05 eV) as the rutile phase started to form in the 10-Zr-TiO 2 thin film (Fig. 6b) .
Theoretical calculations of the electronic properties of Zr-doped TiO 2 films show no change in the band gap [32, 33] while experiments have given mixed results depending on the method of the preparation and the nature of doping. An increase in the band gap was reported for nanocrystalline samples, which was attributed to the quantum confinement effect because of the small particle sizes [34] . The increase in the band gap and decreased crystallite sizes with Zr-doping were reported for sol-gel deposited samples [17, 28] . The slight change in the band gap values observed in this work can therefore be due to structural changes caused by Zr-doping and annealing [14] .
Electrical studies
Current-voltage characteristics
The leakage current in the forward bias regime is illustrated in Fig. 7 for the as-deposited undoped TiO 2 and (20, 40)-Zr-TiO 2 films. The leakage current at 1 V amounted to 1.7 × 10 -3 A, 6.1 × 10 -5 A, and 4.5 × 10 -5 A for undoped-TiO 2 , 20-Zr-TiO 2 , and 40-Zr-TiO 2 , respectively. The Zr dopant helped to reduce the leakage current by two orders of magnitude. Considering the fact that the leakage current is exponentially dependent on the thickness of the insulating layer, we normalized the thickness value in both undoped TiO 2 and Zr-doped TiO 2 layers to 200 nm in our calculations. This helped us to prove that the tendency we show in Fig. 7 was due to the dopant effect. For TiO 2 deposited by the CSP technique, leakage currents of similar magnitudes were reported in the literature [35] . The zero-bias barrier heights of the undoped and Zr-doped TiO 2 samples were determined from the vertical intercept of the ln(I)-V plots (plot not shown) and calculated using the following expression [36] :
where A is the effective area of the diode, A * is the effective Richardson constant equal to 1200 A cm -2 T -2 (2) amounted to 0.536, 0.562, and 0.571 eV for the undoped TiO 2 , 20-Zr-TiO 2 , and 40-Zr-TiO 2 , respectively. The decrease in the leakage current observed could be due to the possibility of the material losing its conductivity in the forward regime. These values compare well with those found in the literature for similar structures of TiO 2 deposited by other methods such as spray pyrolysis [35] , magnetron sputtering [38] , plasma enhanced physical vapour deposition [39] , and dip coating [40] , for which Schottky barrier heights between 0.4 and 1.0 eV were reported. It is evident that the electronic properties of TiO 2 thin films and their derivatives depend strongly on the deposition method and conditions. Figure 8a shows the Nyquist plot for the as-deposited undoped TiO 2 and Zr-doped TiO 2 thin films on Si substrates. The plots from the undoped TiO 2 and 20-Zr-TiO 2 with Zr/Ti = 20 mol% were multiplied by a factor of 50 for better presentation and comparison. The Nyquist plot for the undoped TiO 2 film shows more than one semicircle, implying that the sample could be modelled by more than one parallel resistor-capacitor (RC) circuit combination. For the (20, 40)-Zr-TiO 2 films, it appears that the semicircles enlarge and overlap to form a larger semicircle. The increase in the Z′ component is much greater than that in the Z″ component, indicating a strong increase in the parallel resistance compared to the change in the capacitance of the TiO 2 with doping.
Frequency response analysis
In Fig. 8b a slight increase in the total impedance for the 20-Zr-TiO 2 sample and a strong increase in the 40-Zr-TiO 2 sample by almost two orders of magnitude can be observed. The undoped-TiO 2 sample shows two points of inflection (where the gradient changes) at frequencies of 4 kHz and 110 kHz, while the doped samples have inflection points at 42 kHz and 620 Hz for the 20-Zr-TiO 2 and 40-Zr-TiO 2 samples, respectively. The Bode phase plots show phase angles close to 90° in the high frequency region, exhibiting more capacitive behaviour, but in the low frequency region, the phase is close to zero. The undoped TiO 2 film shows two peaks in the mid-and high-frequency regions. However, the (20, 40)-Zr-TiO 2 films show one broad peak spanning the mid-and high-frequency regions, which broadens as the amount of Zr dopant in the film increases from 20 to 40 mol%.
By plotting Z′ vs ωZ″ as proposed by Abrantes et al. [41] and Walke et al. [42] , the contributions from different relaxation frequencies that correspond to the circuit time constant can be resolved. The relaxation frequencies are determined from the slopes of the linear sections of the Z′ vs ωZ″ plots as demonstrated in Fig. 9 . The undoped TiO 2 film shows three different slopes resulting in three relaxation frequencies of 72 kHz, 6 kHz, and 650 Hz. Based on this result, the undoped TiO 2 film can be accurately represented by an equivalent circuit composed of three parallel RC components. The 20-Zr-TiO 2 film shows only two slopes of relaxation frequencies 47 kHz and 30 kHz, which are quite close. The 40-Zr-TiO 2 film shows three slopes with relaxation frequencies 750 Hz, 540 Hz, and 186 Hz. It was observed that as the concentration of the dopant was increased, the relaxation frequency shifted to much lower frequencies. This implies that with higher Zr doping the dielectric response due to the oxide-electrode interface dipoles dominates the dielectric properties of the Si/Zr-TiO 2 /Au structure [43] . Understanding the nature of such interfaces as a function of the dopant type and concentration is therefore crucial to the performance of any electronic devices. 
CONCLUSIONS
The CSP method was successfully used to deposit a uniform and homogeneous Zr-doped TiO 2 film. The XRD data reveal that the as-deposited Zr-doped TiO 2 samples were amorphous, which became crystalline with anatase crystal structure after annealing at 500 °C. The average crystallite sizes were between 20 and 50 nm. A mixture of anatase and rutile phases was observed for the Zr-doped TiO 2 after annealing at 800 °C. Raman analysis, which complements the XRD results, showed that the FWHM value of the anatase main peak at 141 cm -1 increased with Zr/Ti mole ratio in the precursor solution, confirming the decrease in the crystallite sizes with enhanced Zr doping. The leakage current in the asdeposited TiO 2 was reduced by two orders of magnitude with Zr doping of TiO 2 and the dielectric relaxation response at the oxide-electrode interface shifted to lower frequencies, from 72 kHz to 750 Hz, as the Zr concentration in the sprayed solution was increased, thus influencing the dielectric properties of the Si/Zr-TiO 2 /Au structure. The results indicated that Zr dopant influenced the properties of CSP deposited TiO 2 films, being compatibly useful as the gate dielectric layer in the transistor application of thin film.
